Background. Clinical trials show high efficacy of sofosbuvir/velpatasvir (SOF/VEL), but there are limited data from "realworld" settings. We aimed to evaluate SOF/VEL effectiveness for all hepatitis C virus (HCV) genotypes (GTs) in British Columbia (BC), Canada.
Although clinical trials show high efficacy of SOF/VEL, actual SVR in real-world clinical settings could be lower due to differences in patient populations, resources, and adherence to best practices [13, 14] . However, few large published studies have evaluated SOF/VEL in real-world settings using conservative intention-to-treat (ITT) approaches [15] , and, to the best of our knowledge, none have used a population-based data source (ie, included all treated individuals within a jurisdiction). Conservative analytic approaches do not exclude individuals lost to follow-up and are critical for understanding real-world factors contributing to lack of SVR [9, 15] . Conservative, realworld studies are particularly important to evaluate effectiveness in populations that often experience worse treatment outcomes for biological and/or social reasons, people with cirrhosis, decompensated disease, GT3 infection and/or prior history of HCV treatment, as well as people who inject drugs. Further, there are limited data available from real-world settings on the effectiveness of SOF/VEL against various genotypes, and it is unclear from real-world experience whether the addition of ribavirin (RBV) to SOF/VEL improves SVR [15] [16] [17] . Finally, lack of population-based analyses limits generalizability of study results to all real-world practice within a jurisdiction. Therefore, additional studies are needed to evaluate SOF/VEL effectiveness outside of controlled clinical trial settings to inform decisions at the clinician, programming, and policy levels.
In this study, we use a large population-based cohort and a conservative analytic approach to evaluate the effectiveness SOF/VEL±RBV in real-world clinical practice in British Columbia (BC).
METHODS

Setting
BC is Canada's third largest province, with a population of almost 5 million in 2018. The province's rate of 48.5 new HCV diagnoses per 100 000 people is 55% higher than the national rate and the second highest in the country [18] . SOF/VEL became available in BC on July 14, 2016. Public coverage of SOF/VEL for certain populations started on April 2017 and was expanded to all HCVpositive individuals on April 2018 [19] [20] [21] . SOF/VEL±RBV is prescribed for treatment of all genotypes for 12 weeks. Treatment decisions are made at the clinician's discretion, with decisions guided by Canadian (CASL), American (AASLD), and European (EASL) guidelines [22] [23] [24] . In general, the addition of RBV to SOF/VEL is considered standard of care for decompensated patients, and is also accessible for those with GT3 cirrhosis.
Data Sources
We used data from the BC Hepatitis Testers Cohort (BC-HTC). Details related to cohort creation and epidemiological characteristics have been reported previously [25] . The BC-HTC inclusion criteria and data sources are also summarized in Supplementary  Table 1 . In brief, the cohort includes all individuals tested for HCV or HIV or reported as a case of hepatitis B virus (HBV), HCV, HIV, or active tuberculosis in BC between 1990 and 2015. These data are integrated with medical visits, hospitalizations, cancers, prescription drugs, deaths, and BC Centre for Disease Control Public Health Laboratory (BCCDC-PHL) testing data. The data set used for this analysis included prescription and death data updated until the end of 2018 and BCCDC-PHL HCV laboratory tests updated to April 9, 2019.
All residents in BC are registered in the publicly funded insurance plan, which acts as a single-payer system and covers services provided by fee-for-service practitioners. HCV screening and RNA testing for the entire province are performed at BCCDC-PHL, except for <5% of screening tests performed at a regional laboratory that sends positive tests to BCCDC-PHL for confirmation and HCV RNA testing. All dispensed prescriptions in the province, including HCV treatments, are recorded in a central system called PharmaNet.
Study Population and Treatment
In this analysis, we included HCV-positive individuals who were in the cohort as of the end of 2015. HCV-positive individuals were defined as those who had tested positive for HCV antibodies, had undergone HCV RNA or genotype testing, or were reported as a case of HCV to public health. Our data sets included data on SOF/VEL treatment through December 31, 2018, and HCV RNA testing data through April 9, 2019. To allow for adequate follow-up time (at least 12 weeks to assess treatment completion and 12 weeks to assess SVR), we excluded individuals initiating SOF/VEL after October 9, 2018.
Modified Intention-to-Treat Analysis and SVR Definition
Achievement of SVR was defined as any record of a negative (below the lower limit of detection) HCV RNA ≥10 weeks after treatment end. As in other studies, a 10-week time period, instead of 12 weeks, was chosen to account for variability in testing in clinical practice [26] . Of individuals with an RNA test at week 10 or later in our data, only 1.9% (52/2750) were tested at weeks 10-11 and not ≥12 weeks.
Our modified ITT approach and non-SVR definition were conservative, similar to others [9, 15] . We excluded those with (1) no RNA test after treatment initiation or (2) a negative RNA test on their last test (either while on treatment or after treatment end) but no assessment for SVR (ie, no RNA test ≥10 weeks after treatment end). Participants included in the analysis were categorized as not achieving SVR (non-SVR) if they had (1) any detectable HCV RNA after the end of treatment, (2) a positive RNA test during treatment and no viral load test after the end of treatment, or (3) a detectable HCV RNA on their last HCV viral load test (either while on treatment or within 10 weeks of the treatment end). Therefore, individuals with no assessment for SVR were excluded if their last RNA test was negative, but included if the RNA test was positive.
Plasma HCV RNA levels were determined using the Abbott RealTime HCV assay (Abbott Molecular Inc., Mississauga, ON, Canada), with a lower limit of detection for HCV RNA of 12 IU/mL.
Non-SVR Categories
We assessed the most likely reason for non-SVR using 5 hierarchical, mutually exclusive categories. A completed treatment course was defined as ≥12 weeks of treatment, and SVR assessment was defined as a positive/negative RNA test ≥10 weeks after treatment end. The categories were defined as follows:
A) Nonvirological failures (criteria: treatment incomplete and/ or no assessment for SVR, and received a positive RNA test after treatment initiation). 1. Incomplete treatment (for reasons other than death): Individuals who did not complete treatment and did not die within 12 weeks of treatment initiation.
Death prevented treatment completion/SVR assessment:
Individuals who did not receive SVR assessment and died either during treatment or within 14 weeks after treatment end.
Lost to follow-up (LTFU; for reasons other than death):
Individuals who completed treatment, did not receive SVR assessment, and did not die either during treatment or within 14 weeks after treatment end. B) Virological failures (criteria: completed treatment and received a positive RNA test ≥10 weeks after treatment end). 4. Relapse: Individuals who received a negative RNA test either during or after treatment (but before 10 weeks after treatment end). 5. Nonresponse: Individuals who did not receive a negative RNA test either during or after treatment.
Assessment of Covariates
Demographic characteristics included sex, age, birth cohort, and social and material deprivation quintiles. Assessment of diabetes, history of injecting drugs, major mental illness, cirrhosis, decompensated cirrhosis, and problematic alcohol use were based on algorithms derived from medical visits, hospitalization, or prescription dispensation data using fee-forservice, procedure, and/or diagnostic codes (Supplementary Table 2 ).
Analysis
We computed SVR overall and by GT and compared the proportion achieving SVR across a range of participant characteristics. We performed multivariable logistic regression analyses to identify predictors of non-SVR. All analyses were conducted in SAS/STAT, version 9.4, and all tests were 2-sided at a significance level of .05. This study was approved by the University of British Columbia Research Ethics Board (H14-01649).
RESULTS
Overall, 3911 unique HCV-positive individuals initiated SOF/VEL±RBV treatment on or before December 31, 2018 ( Figure 1 ). Of 3442 with adequate follow-up time (initiated treatment on or before October 9, 2018), a total of 621 (18.0%) were excluded. Differences between included and excluded individuals are shown in Supplementary Table 3 . Of note, excluded individuals (particularly those with a negative RNA test) were more likely to be PWID.
A total of 2821 eligible participants were included in the study, and their characteristics are shown in Table 1 . Most were infected with either GT1 (38.1%) or GT3 (38.0%), followed by GT2 (18.8%) and GT4-6 (5.1%). The majority of participants were male (62.6%), white (90.6%), aged 50+ years (76.3%), and born between 1945 and 1964 (65.3%).
HCV Treatment
Overall, 98.0% of participants completed a treatment course ≥12 weeks, and 278 (9.9%) were treated with RBV. Treatment completion was lower for non-SVR vs SVR (86.1% vs 98.6%; P < .0001) and SOF/VEL+RBV vs SOF/VEL alone (94.6% vs 98.3%; P < .0001). Of non-SVR individuals who lacked SVR assessment due to death/LTFU, 82.5% had completed treatment. Differences between individuals treated with vs without RBV are shown in Supplementary Table 4 .
SVR Rates
SVR was 94.6% (2670/2821) overall and 94.5% (1017/1076) for GT1, 96.4% (512/531) for GT2, and 93.7% for GT3 (1004/1072) ( Table 2 ). For GT1, SVR was lowest for individuals with HIV co-infection (84.3%, 75/89), recent opioid substitution therapy (87.2%, 197/226), cirrhosis (88.5%, 23/26), decompensated cirrhosis (88.9%, 16/18), and history of injecting drugs (89.2%, 338/379). For GT3, SVR was lowest for those who were born pre-1945 (79.2%, 19/24), treated with RBV (87.0%, 120/138), and HCV treatment-experienced (89.8%, 123/137). Figure 2A shows the percentage achieving SVR by treatment regimen, GT, and cirrhotic state. SVR rates were ≥90% for all populations except GT1 cirrhotic patients treated with RBV (84.6%, 11/13) and GT3 noncirrhotic patients treated with RBV (86.0%, 98/114). In contrast to the latter, GT3 noncirrhotic patients treated without RBV had an SVR rate of 94.6% (856/905). Figure 2B shows the percentage achieving SVR by treatment regimen, GT, and HCV treatment history. SVR rates were ≥90% for all populations except for treatment-experienced GT3 patients treated with RBV (75.0%, 30/40). In further analysis of the latter, SVR was 88.9% (16/18) for those previously treated with DAAs and 63.6% (14/22) for those treated with interferonbased regimens. In contrast, treatment-experienced GT3 patients treated without RBV had an SVR rate of 95.9% (93/97).
In sensitivity analyses, inclusion of the 293 excluded individuals with a negative RNA test but no SVR assessment increased the SVR rate (if assumed to have achieved SVR) from 94.6% to 95.2% overall and from 91.6% to 93.5% among PWID-who are disproportionately represented among this excluded population. Of note, 98.6% of the 293 excluded individuals had completed ≥12 weeks of treatment, and the median (interquartile range [IQR]) time from treatment initiation to negative RNA test was 15 (13) (14) (15) (16) (17) (18) weeks.
Predictors of Non-SVR
Characteristics associated with non-SVR in multivariable models are shown in In GT1-and GT3-specific models, factors associated with non-SVR included history of injecting drugs (GT1, GT3), HIV co-infection (GT1), and treatment with RBV (GT3). GT, cirrhosis, and HCV treatment experience were not associated with non-SVR in any model.
In sensitivity analyses, model results were largely unchanged when the treatment regimen variable (SOF/VEL+RBV vs SOF/ VEL alone) was removed from the models (data not shown), with 1 exception. After removal of treatment regimen from the GT3 model, treatment experience was associated with non-SVR (vs treatment-naïve; aOR, 2.03; 95% CI, 1.06-3.89). Further, an interaction term between treatment regimen and HCV treatment experience was significant in the full and GT3specific models (data not shown). The interaction showed that SOF/VEL+RBV (vs SOF/VEL alone) was associated with non-SVR in treatment-experienced individuals (aOR, 11.5; 95% CI, 3.2-41.6; full model) but not treatment-naïve individuals (aOR, 1.9; 95% CI, 0.8-4.2; full model). In an additional sensitivity analysis, the model results were also largely unchanged when the 293 excluded individuals (negative RNA test posttreatment initiation but no SVR assessment) were included and assumed to have achieved SVR (data not shown). 
DISCUSSION
In this real-world population-based analysis of ~2800 individuals treated with SOF/VEL±RBV who were mostly infected with GT1 or GT3, SVR rates were high and ranged from 93.7% for GT3 to 96.4% for GT2. In comparison, SVR12 rates in a pooled meta-analysis of 6 clinical trials ranged from 94.7% for GT3 to 99.4% for GT2 [5] . Although the overall SVR rate in our study was lower for GT3-infected individuals, there was no statistically significant association between GT3 and non-SVR in multivariable analysis.
Our results are similar to the small number of large studies evaluating SOF/VEL effectiveness in real-world settings. In the largest real-world analysis published to date, Belperio et al. evaluated SOF/VEL±RBV among ~4500 individuals with GT2 or GT3 infection in the US Department of Veterans Affairs registry [15] . Similar to our study, effectiveness ranged from 90.7% for GT3 to 93.9% for GT2. In another large but unpublished study of 12 clinical practice cohorts across 8 countries in North America and Europe (n = 4491), the overall SVR was 92.7% [27] . In contrast, SVR was higher (98.5%) in a study of 1319 patients from treatment centers in Italy [17] . Seven other published real-world studies have evaluated SOF/VEL, but most were small, with a combined sample size of <1000 [28, 29] .
Comparisons to other real-world studies should be made with caution. "Real-world" is a broad term for describing studies conducted outside of a clinical trial setting, yet there are important differences between studies. Some are not population-based but instead limited to specific treatment centers, registries, or patient populations. Further, some studies use less conservative analytic approaches in which most/all individuals lacking SVR assessment are excluded. For example, the Belperio et al. study was limited to patients receiving medical care through the Veterans Health Administration and excluded GT1-infected patients [15] ; the combined North America/ Europe analysis excluded individuals with decompensated cirrhosis, previous DAA failure, and RBV added to their regimen [27] ; and the Italian study enrolled patients from treatment centers where closer monitoring was provided and excluded those with previous NS5A inhibitor therapy [17] . In comparison with all 3 of these large studies, our analysis was population-based and thus potentially more generalizable to the real-world clinical setting. Given our more real-world setting and conservative approach, it is reassuring that our SVR rates were similarly high as those observed in other studies. Our conservative analytic approach allowed for greater insight into underlying reasons for actual or potential non-SVR. Just over half of non-SVR cases were nonvirological failures, and about 80% of these lacked SVR assessment and were assumed non-SVR. These individuals would be excluded from per-protocol (PP) analyses. Most non-SVR individuals were categorized as LTFU (treatment completed, last RNA test after treatment initiation was positive, no assessment for SVR). It is reasonable to assume that many of these individuals did not reach SVR, given the positive RNA test and that factors contributing to their loss to follow-up may have also impeded adherence to daily medication (eg, housing instability, substance use, mental health issues). Even for those who did attain SVR, these individuals are still important to characterize, as they may be at higher risk of re-infection due to challenges in remaining connected to the health care system and potentially receiving support to prevent re-infection. Our nonvirological failure rate was lower than the combined analysis of 12 cohorts in North America/Europe, where 80% of non-SVR cases were nonvirological [27] . This may be partly due to their use of SVR12/24 rather than SVR10.
PWID and people with HIV (PWH) had lower SVR after adjustment for other factors. Notably, however, SVR rates for PWID and PWH were higher than 92% for GT2 and GT3 but lower (89% and 84%, respectively) for GT1. Clinical trials have also demonstrated high SVR rates (≥94%) for SOF/VEL among PWID and PWH [30, 31] . However, similar to our analysis and other analyses conducted by our team [32, 33] , the large Italian SOF/VEL real-world study found PWID to be associated with non-SVR [17] . Increased odds of non-SVR among PWID and PWH are likely due to social rather than biological factors. Indeed, a particularly high percentage of non-SVR among PWID was due to nonvirological vs virological failure, similar to our previous analyses of other HCV treatments [32, 33] . Of note, our analysis likely underestimates the true SVR rate among PWID, as some of these nonvirological failures may have achieved SVR, and PWID were also overly represented among excluded individuals who had a negative RNA test post-treatment initiation but no SVR assessment. Our findings should not be interpreted as a reason to withhold treatment from these populations, but rather a reminder that optimal scale-up to reach HCV elimination among PWID and PWH will need to be done with additional support measures to prevent LTFU and achieve SVR.
Our study found RBV to be associated with non-SVR among GT3-infected individuals. These findings are similar to other real-world observational SOF/VEL studies suggesting little to no overall benefit with the addition of RBV [15, 17, 34] but seemingly contradict results from clinical trials [5] . The lower SVR among RBV-treated individuals in our study was particularly noticeable for GT3-infected individuals with treatment experience (75% achieved SVR). The contrasting findings between real-world studies and clinical trials may be due to a number of factors, including different patient populations, study designs, and analytic approaches (PP vs ITT). In particular, evaluation of RBV is limited by the observational nature of real-world studies such as ours (eg, RBV is more likely to be prescribed to individuals who are already less likely to achieve SVR), particularly when important confounding variables (cirrhosis, resistance-associated substitutions) may be underidentified due to reliance on administrative data. For example, in our analysis, 80% of RBV-treated individuals had no evidence of cirrhosis ( Supplementary Table 4 ), a key indication for RBV in BC. This finding is more likely to be due to underidentification of cirrhosis (due to reliance on diagnostic codes and lack of fibrosis assessment data) rather than inappropriate prescribing of RBV. As a result, residual confounding by indication may explain the lower SVR with RBV. Further research is needed to better understand the underlying reasons for non-SVR among RBVtreated individuals and the utility of adding this medication in the real world.
GT3 infection, treatment experience, and cirrhosis were not associated with non-SVR in our full multivariable model. In contrast, the large real-world Belperio et al. study found decompensated cirrhosis, FIB-4 >3.25, and treatment experience to be associated with reduced odds of SVR among GT3 patients treated with SOF/VEL or daclatasvir/SOF [15] . Another realworld SOF/VEL study found lower SVR among GT3-infected individuals previously treated with SOF-based regimens [9] . Our ability to detect a difference may have been limited by the small sample size of some of these populations, which, as already discussed, may be an artifact of our data source. Notably, treatment experience was associated with non-SVR in our full and GT3-specific multivariable models when the treatment regimen variable (SOF/VEL+RBV vs SOF/VEL alone) was removed.
Our study has some limitations. Although our analysis was population-based for individuals in BC diagnosed with HCV through the end of 2015 and dispensed SOF/VEL from 2016 to 2018, it did not include individuals who were newly tested and diagnosed from 2016 to 2018. We estimate that about 2000 individuals were newly diagnosed with HCV in this 3-year time frame, but that most would not have received treatment with SOF/VEL by the end of 2018. Our data did not contain any information on clinical fibrosis stage; previous HCV treatments received outside of BC; resistance-associated substitutions; underlying reasons for treatment discontinuation (eg, side effects), LTFU, or RNA testing; or adherence to daily pill-taking among those dispensed a full treatment course. As a result of the latter, we could not estimate the proportion of nonresponse due to suboptimal adherence. Furthermore, we are also not able to tease apart relapse from re-infection, which requires genome sequencing. As most of our variables were based on administrative data, misclassification/underascertainment may have led to residual confounding in regression analyses. Treatment decisions in BC are made at the clinician's discretion and may differ from other settings, where norms are different, limiting the generalizability of our findings to other jurisdictions (eg, differences in RBV use and GTs). Finally, although ITT and PP are terms commonly used in real-world observational studies, they were originally intended for describing randomized controlled trials [35] . As such, it is important to emphasize that our analysis was observational, and thus confounding could not be completely addressed.
In conclusion, our conservative population-based analysis of SOF/VEL showed high effectiveness in real-world clinical practice in the Canadian province of BC. Our results suggest room for further improvement in supporting individuals to obtain SVR and prevent LTFU, particularly among PWID and PWH. The high proportion of non-SVR due to nonvirological failure demonstrates the importance of a conservative analytic approach when conducting real-world studies.
